We describe a design of the experimental setup for neutron diffraction studies at low temperatures and hydrostatic pressure. The significant benefit of the setup, compared to the previous methods, is that it makes possible the simultaneous collection of neutrons diffracted at the 30°-150°range with no contamination by the primary scattering from the sample surroundings and without cutting out the incident and diffracted beams. The suggested design is most useful for third-generation time-of-flight diffractometers and constant wavelength instruments. Application of the setup expands the capabilities of high-pressure neutron diffraction, allowing time-resolved kinetics and structural studies, multihistogram Rietveld, and pair distribution function and texture analyses. The high efficiency of the setup was proven for the HIPPO diffractometer at Los Alamos Neutron Science Center under pressures up to 10 kbar and temperatures from 4 to 300 K.
I. INTRODUCTION
Neutron diffraction under high pressure is a powerful method of characterizing structures. It was first implemented in the 1960s with the use of a piston-cylinder apparatuses that produce up to ϳ30 kbar pressure.
1-3 During the last decades this method has been significantly developed to satisfy different experimental requirements, i.e., pressure and temperature ranges, pressure gradients, exposure time, and others. At present, the commonly used pressure cells for neutron diffraction fall into three major categories: hydrostatic ͑in-cluding gas and liquid͒ cells, 4-11 large size ͑sample volume 10-1000 cm 3 ͒ anvil cells, [12] [13] [14] [15] and diamond ͑or sapphire͒ anvil cells ͑DACs͒ ͑sample volume 0.0001-5 mm 3 ͒. [16] [17] [18] [19] The last of these three techniques produces record pressures of about 1 Mbar, but only when the sample size is small. However, the currently available neutron sources do not provide sufficient flux to study samples of less than ϳ1 mm 3 , making the wide implementation of this technique for neutron diffraction studies difficult. The development of anvil cells, including those with toroid and different multianvil chambers, has allowed the limitation of the pressure of the piston-cylinder apparatuses to be overcome. Toroid anvils are used for neutron diffraction at pressure of up to ϳ200 kbar but usually cause a sample texture, which diminishes the quality of the data for structural refinements.
The neutron diffraction in combination with the hydrostatic ͑gas, liquid, or fluid͒ pressure has two different approaches: one using different designs of piston-cylinder apparatuses 4-6 and the other using indirectly pressurized cells. [7] [8] [9] [10] [11] Both techniques are limited to ϳ30 kbar pressure only. Nevertheless, the hydrostatic pressure neutron diffraction has become very popular and is a powerful means of characterizing samples because of the advantages this technique offers in comparison with the other two methods. First, it allows a hydrostatic pressure medium to be used including the best available helium gas/fluid. This assures the absence of pressure gradients on the sample and the absence of stressinduced texture. It also allows pressure to be measured precisely. Large sample volume, up to 15 cm 3 , is another important advantage of this method for neutron studies.
4, 7 The moderate weight and dimensions of gas pressure cells and their relatively simple adjustment for neutron diffraction experiments encourages the broad application of this technique for high-pressure, low-temperatures experiments.
Hydrostatic pressure neutron diffraction is typically used for determining crystal or magnetic structure of a sample and finding its phase transformations. This technique has also been used for kinetics studies of slow chemical reactions under high pressure with a data-collection time step of 10-30 min. [20] [21] [22] It should be noted that the capability of this method is usually limited by the characteristics of the diffractometer, which have been significantly improved over the last decades. Our experimental setup design considerably expands the applicability of hydrostatic high-pressure neutron diffraction and could be used for other neutron-scattering experiments.
II. RESULTS AND DISCUSSION

A. Previous designs
The majority of neutron diffractometers are built in socalled plane geometry, i.e., the incident beam, the sample, and the detectors are placed in the same plane. The instruments usually have a vertically elongated barlike beam cross-section designed to maximize the beam's intensity without loss of resolution. At the same time, due to the specifics of the method, the hydrostatic pressure cells are fashioned in a cylinder shape with a small cylindrical opening a͒ Author to whom correspondence should be addressed; electronic mail: lokshin@lanl.gov inside. Cells are typically made from hard materials, which have low attenuation for neutrons ͑Al, Cu/ Be, Ti/ Zr alloys͒. The properties of the materials together with the cell design and the ratio of the outer to the inner diameters define the maximum pressure rating of a cell. It should be noticed that manufacturing the high rated pressure cell is much easier when its inner diameter is rather small ͑5-10 mm͒.
Taking into account low neutron beam flux and the beam's barlike cross section, the high-pressure cell is usually placed vertically in the diffractometers to allow maximum sample exposure. However, while this geometry optimizes the exposure of the sample volume in the beam, it causes an annoying scattering from the sample surroundings, i.e., highpressure cell, sample holder, etc. 8, 11 The diffraction data contaminated with the parasitic scattering from the sample environment significantly diminish the quality of the crystal structure refinements.
One of the solutions for this problem is to use a zeroscattering Ti/ Zr alloy cell. 10 This approach is very convenient for various types of experiments, but fails for those that require special gas mediums, such as hydrogen, nitrogen, oxygen, and others. A rather high absorption of the Ti/ Zr alloy is another disadvantage, which does not allow fast data collection for time-resolved studies.
The scattering from the environment may be also be eliminated by shielding the incident and the diffracted beams, but only at the cost of a substantial reduction in collected intensity. For the most favorable case of 90°data collection, the intensity decreases about two times if all primary scattering from the cell is eliminated. 9 Much more signalintensity loss occurs as the scattering angle differs from 90°.
B. New concept of the setup for neutron diffraction at hydrostatic pressure
Progress in instrument development during the last decades has resulted in the appearance of third generation diffractometers built in nonplanar geometries. For example, HIPPO at LANSCE and GEM at ISIS, both time-of-flight ͑TOF͒ instruments, have cirular beam cross-sections, and detectors covering more than 2 steradians in a solid angle. The diffractometer geometry and the detector arrangement in HIPPO are shown in Fig. 1 . Obviously, the previously used design of the high-pressure cell arrangement is inefficient for these types of diffractometers. To improve the situation, we designed a new setup, which takes advantage of threedimensional diffractometer geometry. Our setup has been successfully tested in low-temperature, high-pressure neutron diffraction experiments.
Schematic general and section views of the setup are shown in Fig 2. The high-pressure cell is attached to the closed-cycle cryostat and surrounded by two temperature shields, allowing it to cool down to 4 K. The cryostat stands on the diffractometer cover, which can be moved and used off-line for testing and preparation procedures. The cell pressurizes indirectly via thin high-pressure tubing coming through a standard vacuum connector.
The significant difference of this design in contrast to previous experimental setups ͑with vertically arranged cells͒ is the horizontal cell alignment, in which the incident beam comes from the buttend of the cell. This cell arrangement allows experimenters to choose the position of the sample along the cell and to adjust it to the most favorable detector geometry. Placing the sample in the middle of the cell results in its separation from the cell walls ͑along the incident beam direction͒ by a rather long distance, about 2 -4 cm. This separation permits shielding the system, which absorbs all the primary scattering from the cell but allows most of the diffracted beams from the sample to pass through.
The schematic illustration of the cell-shielding system is presented in Fig. 3 . The plug of the cell ͑3͒ is equipped with the disk ͑2͒ made from absorbing materials ͑Gd, Cd, BN, etc͒. Thus, the buttend of the cell is the only environmental part producing Bragg scattering. This parasitic scattering can be easily blocked with the shielding system, as shown in Fig.  3 . It should be noted that this example simply demonstrates in general how impurity scattering may be shielded. A precise calculation is required for each particular system, taking into consideration cell dimensions and the position of the sample and the detectors. The main advantage of this setup design is that for third generation diffractometers both the incident and the diffracted beams are not cut, and the sample data can be collected in a wide scattering angle range without contamination by impurity Bragg scattering from the envi- ronment. However, as applied to instruments built in the plane geometry, the proposed design may result in significant cutting of the incident beam and reducing of the sample size from what it would be with the vertical configuration. The application of this setup design may expand the capabilities of high-pressure neutron diffraction. First, simultaneous collection of pure diffraction data at all different data banks allows experimenters to perform high quality, singlephase Rietveld and pair distribution function analysis to determine a structure's characteristics. It should be noted that this advantage is valid for both TOF and constant wavelength instruments. Second, a multihistogram Rietveld refinement of the TOF diffraction data in the wide-angle range ͑30°-150°͒ can give reliable texture parameters together with structural data. Third, when applied to high intensity instruments, this setup may be used for time-resolved studies.
C. Hydrostatic pressure setup at LANSCE
We developed the high-pressure and low-temperature setup for the HIPPO diffractometer at LANSCE based on our design. The HIPPO instrument is configured to provide an extremely high neutron flux ͑ϳ10 7 neutrons cm −2 s −1 ͒. 23 We used a specially prepared multilayer autofrettaged aluminum-alloy cell to minimize neutron absorption by the cell. These advantages, together with the large sample volume ͑up to 10 cm 3 ͒ of the gas cell, make this setup suitable for a variety of applications including structure analysis, texture measurements, and kinetics studies. Our setup was successfully tested at 4 -300 K and 1 -10,000 bar of He pressure.
The efficiency of the setup was proven in our in situ high-pressure, low-temperature neutron diffraction experiments on the crystal structure and formation kinetics of ice phases and of clathrate hydrates. [24] [25] [26] Figure 4 shows an example of the diffraction pattern of ice II obtained under 3 kbar at 215 K for 5 min with no impurity peaks from the environment. This experiment demonstrates the applicability of our setup for time-resolved structure and kinetic studies within a very short time step of 2 -5 min. These 5 min diffraction patterns obtained simultaneously at 40°, 90°, and 150°data banks were successfully refined by the Rietveld method. The ice II phase was refined in the R-3 space group with unit cell parameters a = 12.9478͑4͒ Å and c = 6.2114͑2͒ Å.
It should be mentioned that in a TOF experiment, precision of the lattice constant measurements depends on the ability to maintain the sample position with high accuracy. Controlling the sample position is more difficult for the suggested setup design than for the designs with a vertical cell arrangement. For our setup, assuming a 10 m flight path length of HIPPO, backscattering data collection ͑at 180°͒, and an ability to maintain the sample position within 0.1 mm at p Ͻ 10 kbar, the maximum error in the unit cell parameter caused by the uncertainty in the sample position is estimated as 2 ϫ 10 −5 . The value of this quantity is usually below the standard deviation of the lattice constants determined from the Rietveld refinement ͑for instance, the error in the ice II refinement shown above for a = 0.00026 and c = 0.00012͒. However, in the experiments aimed at precise measurement of unit cell parameters, such as compressibility measurements, the problem of controlling the sample position may affect the quality of obtained data.
Finally, the suggested design could be used for other types of neutron scattering experiments under high pressure, including measurements of inelastic scattering, reflectometry, and vibrational spectroscopy. 
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